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Page 3..

CALC ULATION OF ThE HYDRAU LIC FRICT ION OF TI~E COOL ING CHANNELS OF

GAS—TURBIN ES BLADE

L. N. Odiv anoy ,

Is given the derivation of the calculation for~iulas for

deterainin g the hydraulic friction of the cooling channels of blades.

In for aula s is considered the effect of the preheat ing of air , losses

froa frict ion an d centrifugal backwatei( the ca pacity of cooling

channels.

For blades v i t h  radial (long itudinal ) cooling channels are given

the calculat ion for au las , suitable for a pr og ra~~ming’~~~~~ aall  ETsV~ [
— digital coaput4~3. For blades with transverse channels is given an

.exaaple of the calculation on the basis of the selection of the loss

• fac tors in handbook. Calculation data satisfactcrily coincided wit h

L ~~~~~~~~~~ •. 

• V ~~~~V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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the ezpe ri .ental data of ot her aut hors.

I In gas turbine constr uctio1~~W aS received ~~~ wide acceptance of

• 
~~~~~~~i~—cooled~. The diagra rs of soae of 

the a are given in Fig. 1, V
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Page 4.

~~~

‘

~~~~ug the1~~~~~~~of cooling channels it is necessary cor r ectly to

estimate hyd raulic losses. In the exist ing ietbcds of calculation

(1 ], etc..A is not examined the combined effect of some spec ial

~f~at~~e1peculiatities of air flow in the cooling channels of the

blades: the effect of the preheating of air from the beat - ppli d

through walls from gas; the heat, isolated from friction; the effect

of centrif ugal forces, etc. This lea ds to certain arbi trarines s in

the calculations, frequent ly..~~ ia çedes the acccunt of the specific

conditions of the flow of coolant and the generalization of the loss

factors.

In work (2) is experiment ally investigated the effect of the

V factors indic
~t~

d for a rotor with the tiades , which have ~~~~~~

deflec~~~~~~T~~ 2) . The clearance betvee~ the external vail and the

deflec tor was maintain/withstood because of point punch—outs on

de flector.

V 

in works (3 , 4] is investigated the ~~~~~~~~~~~~~~~ blade wit h

V the transv erse mot ion of air coolant , w ith its ejection in the area

cf trailing edge to the side of trough. ExFeri .ental data (4 , 5),

L. A - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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etc. confirm the possi bility of applying reference dat a [6 ] w i t h  some

correct ions.

In the presen t work is proposed the method of the calcula tion of

hy draulic friction and determination of the flow rat e of cool ing air

for blades wit h the longitudinal and cross flow of coolant with the

assigned/p.r..eer*be4 geometry of channels and parameters of air

coolaat.

Below is set forth the derivation of the calculation formulas on

the basis of the equa tions of energy and continuity.
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Fig. 2. cooled blade with transverse channels.

Page 5.

1.. Equation of energy.

The equa tion of energy for air flow in coolin g channels (in

re].at*v. motion) is ree~ M~’writt.gi in tb. form:

• . 
- u 1~ —T,~~) I Q -

~~
- — — 

) —= = O. (I

Here Q — the heat, applied to air from the walls of the  heated

channel; ~ is .p relative speed ; u — per ipheral speed ; T — the
temperature of air in channels ; is the specific heat of air.

and “Ø~(~” des gnate the para meters of air coolant at

the duct i nlet and at from it respect ively (Figs. 1 , 2).

According to the equation of th* 1.t law of the t hermodynamics

dL, + dQ c,,dT - .
~~~

— , (2)

where is the work lost in friction ; p and ~ 
— the  pres sure and
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air dens it y.

In the process of the expansion of air its preheating through

: ~~~~~~~~~~~~~~~~~~~~~ 

fricti ozi a~ d f;oa cent fuga es sio: let us

US accept /‘/~~ -= co nsi . ..
~~~~~~ ~~~~~ (~

)

n - I• — 1
— T~) 

~~~ 
RI~ [i 

V •  (!~~~ — (1Lr. (3 )

It is know n that

awl

J d L P = =L. -~~~ ~~~~~~~~~~~~~~~~~~~~~~~ 

(4)

wh ere W ,.u,c n is p 4.k-�j~~~d without taking into account ~~ h ydraul ic

losses.

Taking iuto accoun t expressions (3) and (14 ) equation (1) take s
• the for. — 

~~j —

~~~~~~~ 
~! ;

!!~._j Pi~j i  - (
~:~-) J -~- ll ~~. —

~~~~~~~~~~~~~~~~~~~~~~~ it is possible to determine  f r o m  the known

relationsh,4~p,~.atkVo~V

. - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 
~~~ ~~~~~~~~~

-~ 
— — — ~ _~€t_~~ !~. ..
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I~n— I 
= _ _ _ _ _ _ _  (6)

ig Li~~._
I,,

~~~~~~ tlet tem perature  fr o m  channel  f r o m  the equat ion

T1,,~ T,~ + .~T k (7)
2 - R

Page 6.

For determining W ,~ from value ~~~~~~ ~t is necessary t o  f i n d  the

factor of hydraulic loss.

2. Factors of hydr aulic loss.

For blades of the type a, b , c (Fig. 1) c~~- duct lost~~~~~- are

composed of the following forms: input, exi t and loss from friction

in channel. It is con venien t to— ~~~~~~~~ 1osses to real outlet  ve loci ty

from channel, then L, -= k _
~ !±!~ eit her according to expression (4) we

~

. • ~~~~~~~~
- •

~~~~~~~ ~~~~~~~~~~~~
— - -  

~~~~~~~~~~~~~~~~~~~~~~ ~~
• - 
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will obtain

~ J 2
0111

or

— n_ I

2 -i— RT, 1 1 —-  j + U~11~ — U~ + W~w~~~=~ —.--~--_- _ _...__!L._.__._._ __ _ _ _  (8)I -
~

- :~

The total energy losses in channel, referred to the uni t of

mass, will be:

= ~ C dl + ~2 •j 20r 2

Hence

W,ux ~~~~~~~~~~~ (9)

V 

.kere ~ is factor of local ioa~t~ ~ — th. drag coeff icient  of the

sections of channel; ~ — the hydremlic diameter of the sections of
channel; is leng th of channel.

_ _  
- -L~~ 

W _4 I
~~~~~ 

—
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If we approximately accept a linear change in the losses from

the wall f r ic t ion on the section of channel, then the first tern of

exçression (9) viii. take the for.:

- 1 w !
= ~I$ ( N V\ __ N111

~ 2D~11 ‘~ ~~~~~ 
) ~~~ 2fl 1~~11~

Speed chan g~ on section from output,~~~~td to the inflect o n

point of cha nne1~~
’
egligibi4ittle , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

‘W i.? -

Page 7.

Taking th is  int o account  the f o r m u l a  for de te rmining  t h e  coe f f i c i en t

of the losses of the channels, depicted on Fig. 1, will take  the

form :

“s.d ( W~ \
2
( :, , 

~± 
~~~~~ 

) t,,, ~~, + 
~~~
j. (10)

The velocity ratio is determined from the equation of the

continuity

V, “mix “ ,,,.,
~ 

T, 
ii

“ , F, 1,wl 
(

From equat ions ( 6 ) ,  ( 7 ) ,  (8) , (10) , (11) i’m deteraine4 w,,,,,, and T,~~.
- 

In this case pressure at output/-y4e3d--from holes P 1111~ can be accepted

approx imate ly  ~ t h a t  which is bein g chaIrg~1~~~ ac r ding to linear law

from the gas pressure on periphery P in at e ( in to  la t t ice)  to ~~
— at outpu t qLi cH.

~~ _ _ _ _ _  

V •~~~~~~ 
~~~~~~~~ ~~~~~~~ 

— 
-
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~~COTNO~!~
1. sore pr ecise according to data (7) i’~~~ a little

a decrease in the  clearance 6 and with an increase in

the dyna mic head of air ~~~~~~~~~~~~~~~~~~~~~

For the blades, depicted on Fig. 2, are characteristic still

cther forms of ~~~~~~~~
— losses whose coefficients are enuaer ated below :

the coefficient, which evaluates loss from air distribution in

central channel c,,;

coefficients, the evaluating e’Tb-t,~~ i ss into hole 0 (Fig. 2),

losses~~~~~~i~ock of f low into wall ( in terna l  sur face  of the  spout of

blade) and from the rotation of flcw in the direc tion of transverse

channels 
~, and~~;

the coefficient, which considers losses from the mixing of flows

upon ~~~~~~~~~~~~~~~~~ from sudden expa rsion ~~~~~~~~~~~~~~~ from the F

channe ls of back and trough 
~~~

.

Are examined below recommendations the selectio n of the
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loss factors.

I

On the periphery of blades (Fig. ib, C) the air flow at

outputfl~ieid- from hole depends on the effect of the flow of gas; the

mechanism interaction is very complex; therefore the coefficient

of awing lasses ~ can be determined exper imenta l ly .  T e n t a t i v e

calculations show that ~,:,1~~0•3~~1 (the upper limit corresponds to small

radiaJ~ gap 6). For the blades, shown in rig. 2, L~ it is possible to
determine by Borda—Carnot ’s formula:

Pa ge 8.

Xn works [3, 4 ]  the total losses ~~~~~~~~~ are determined

experimentally; their valué~~ore at the scalier relative clearances h

= h/d between the leading edge of the deflector and the internal

surface of blade. According to experiments [3] ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ with h ~

1, while according to the data [4 ]  0 .7— l. 7~
’
~ h ~ 2.

The satisfactory agreement of these data is obtained,

are selected on graphs for circular exhaust shaft~~ ii~ee- with hood,

upon conside ration of addi t ional entry  loss into hole (acc ount of the

even ess of entrance) [1 , 6]. The co ffic4 .ents of losses ~, at the

LL~~~ e int o cooling channels, ~p. 
~~~, cam be found from han dbook (6].

~~~~~~~~~ 
~~~~~ L~~~:. ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 

- 
~~~~~~

-
~~~~~~~~~~~~~~~~~~

— - —
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The values of drag coefficieats ~ ~~~e transverse channels,

obtained in experiments (4], satisfactorily coincide wi~~~~~ i~ álated

(6]. The drag coefficients of radial channels cl and ç~ are
determined from formulas for ducts. One must take into account that

the friction of the rotating radial channels is more than

,/ t .~~~~~~~ ones. According to experiments (5] ~~~~~~~~~~~~~~~~~~~~~~

These coeff icient s  of losses and recommendat ion regarding their

selection require further refinement (especially for rotor blades)

with the accumulation of experimental data.

3. Determination of the preb eating of costant.

c~dT* ~~~~ dQ tid:i . 
- 

(L~)

The equation of energy in the complete parameters, the

differential form and in relative motion has the for.:

~~~~~ a n t i t y  of heat , applied to coolant ( w i t h  flow rat e per

second ~~ G) through walls, on the e lementary  section of the  l eng th

cf cha nnel dz is equal to:



r~~~ 
-~~~~~~~ . j _~~~~~: 

V - ~V ~~~~ -V-V~~-V~~_ V V _~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -V -

V DOC = 77182700 PAGE •
~~ i�•

dQ0~ = G(I Q_ k , (r;  - -

where

V_

— 

V A~ rt rp G1 I I ,

z — coordinate in the direction of a radius; 6 is wall thickness; m —
heat—transfer coefficient; ~~~ — the thermal conduct iv i ty  of wa ll ;  ~]
- the perimeters Of e section/os*. of wall.

By converting equation (12), we will obtain

d7’ =1k0 
r~~~~

T )
+ ((.) l) 2 (r I :)~~!~!- .

J C p

Page 9.

IAt the average/se-a-n. value of qua t i ti a kn. /‘~ the definite

ictegral of this equation ron 0 to i takes the f or.:
,,,2j 2 

(
‘

r,, J— ’~1(i ~~~~~

c,,1, \ k 1 Jj  / r~ k 1

where ~ — radius of the of hole; I~ - the

- ~~~~~ - - ~~~~~~~~~ r~ ~~~~ ~~~~~~~~~~~~~~ - 
-- —
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stagnation tempera ture of coolant at the in relative motion ;

~1~~~ NOT , 1• In bo3k (8] is given the formula for determining the

preheating of coolant in nozzle blades (w = 0) .~?E~jj~~~~N0T

4. Determi na tion of the ~~~~~~~~~~~~~~~~~ ooolant .

~~~~
_j  %~~Outlet velocity from hole is rcat
~~ ~~~

Gu-~h converted

expression (8)

Ii V •  V • V~ / I.
2—-—— /~,) ( / V

,•
_. 

~~Nu~
) li Kl.lX ’~

V
~~~

U; T (~~~ (~I M

-~~~ r- 
— -

1+  ‘Hi-ix

2P, m ~x (14)

The drag coefficient of channel wi th  technical roughness  with  Re

number s > 2300 it is possible to deter mine from the genera l— purpose

formula of Colbrook and White (6) taking into account an increase by

150,10 in the data [5] the rotatica

- 
- V~-V~~ _ _ _ _ _ _  

1 ,15 
_________— r 2.51 -~ 

~~~ ‘ (1~.)
~_2I~~(~~~~y; ~~

y,j )j

- - 
- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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where A is roughness.

Moreo ver Re it is convenient to calcu late according to the

formula

Rc~-~-42-, (16)
Ii ‘1

where 
~? is dynamic viscosity of coolant.

Fo determinj. ng VW they axe assigned at first approx imately by

the 
- 

coolant and the n they find appropri a te P , - 1,, and

th rough the following equations:

r w 2 (1~{
i’ 1 - — __

~ !___ 
- 

j 
; - (17)

T — T - -  “— ;

k — I

GRT
( )

P,1 F1

V ~~- --  V - - - - -V - -V~~~~~~~~~~~~~- -~~~~~~~~ - -V -
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The calculation in channel is performed according to sections

output ,’-7~ aId from wh ich fro, equations (6) , (7), (13), (its) and

the continuity

(GRT 
)mix 

(20)

by the method aa cessi ve approximatio1~~t?~~ ~~ deter mined a0Hi-i,~~i1

~~~NI,IX j l

At output,~yi.ld from the last/latter section~-)4~ is calcula ted

~~~~~~ ____________________ _________________________________________________________
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k
—V _~~ NIdZ ~~~ id~PMIdZ p — P 11,, ~

2— °r
k—I ~~ I

The en t i re  calculat ion is fulf i l led also by the metho d of
_ _ _  • -apprQ~uh/ppproxxmat~ons G before agreem~~t P ,,1~~, with P 111~,
assigned/p re scribed-

The calculation is programmed for comput ation ETSYM ~pro.o- .

The calculations show that the correctly approximate equality

I, —l

I Pw,,x V

_ _ _  — (
~~

)

k— i  
(T~+ O.5~7’*)[1 

— (~~) } ‘  (2 1)

which is used below.

For the blades, depicted on Pig. 2, due to the presence of many
different form s of friction in coolant passage the

~~~~ - - - • -
~~
‘ — - 

~~~~~~~~~~~~~~~~~~ ~~~~~~ V -_____
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ hydr aulic losses by

sections along channel.

If we write equation (5) in stagnation parameters an~ -~~~~~~
-

V 

consider relations-hIp/ratio (21), then v will obtain expr ession fcr
determining the theoret ical total pressure ~~ cm the appropriate

radius of the blase

k

r,; ==,;j i + k 
“ -

~~~~~~~~ I . (22’
L 2~~~ —j -- R u’1 + O.51r- -

where AT* — the preheating of air on section from the entrance into

ra d ia l cha nnel before  its d istribution into trans v erse channels.

Page 11.

The temperature of stagnation was determined from converted

expressio n (7)

The actual the total pressure at the odi each

section will be

— p - - ~&p’, (24)

wher e
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I.n ha ndbook (6] the coefficients of losses ~ are given on the

basis of experiments with small pressure differential under

isothermal conditions. In lon g channels wi th pre heating of

coolant proceeds a considerable change in the losses and ait

iui~ene-~fdrop in the total pressure froi heat supply. Taking this

into account total pitot loss (in the channels of con~~~~ 5~~~ tion)

approximately 1 vii]. be

— i)-I~-~
!’

~ + (—
~

±
~
- + 

~~
)  

~llldX~~~8ldX

(for channels

_ _ _ _ _ _ _  

1~~ The wore precise value of the total pressure a t

output/y-ie-±d from section with the changing cross section can be

found from equations (14 ) an d (20). With the take n ~~~~~~~ ~~~~~ G

is determi ned a t  f i rs t  J’wdX and then / V

For com putation 2 it is convenient to a-ppt-y g a s — d y n a m i c

functions. With ~~~ ssigned,lp esscirb.d i~ th. first approximation ,

oens~-m~~~e-a is determined the function q (i-)= and fr3 m ta bles —

V I  

~~~~~~~~ TV~~~~~~~~~ T~~~
-rc

~~
---

~~~V V  ~~~~ _ _ _ _ _ _ _ _



- 
- — -

DOC = 77182700 PAGE ~~~~~?-

~~~~~~~~~~~~~~~~~~ ~~~~~ 0 2k~~~~The n Xac4~øcrtvt ~~~~~~I,,
/ j RT and at the selected value ~

is determined Ap*.

The calculation is fulfilled by the methoi~

’
uccessive

approximatio~~
’
changing G before agreement in exit section ‘-~~~~~ f r o m P-

by consecutive subtractio$p 4 sections) and from
/ 5,11,

the ex pression

aVi
yQ )mix -?flr 5,1,, /‘,,,~

Pa ge 12.

In th is  case pressure at output/y4eA-d f r o m  hole can be t aken  as

equal to the pressure of gas P2 at output/yield from lattice 1 ,

1• Work (2] shows the negligible effect 0) ejecting effect

on trailing edge (from the flow of gas) on the ~~~~~~~tion of air

coolan t. ~~~~~~~OTNO T~~~V
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The proposed calculation metho d makes it possible to de te rmine

coolant dis t r ibu t ion  according to span of the blade (Fig. 2).

Example of the calculation.

— 
Por ’~~~th~~ th e  me thod of calculation an d selection of the loss

fact ors was det ermined the  flow rate of the a ir  coolant th ro ug h the

channels of bla des (2 ] .  The loss f actors were selected f rom han dbook
( 6]:

~o - 0 ,53-~-O ,56 — for the holes of the r i m  of disk wit h t r a n s i t i o n

to deflector;

~,.— 1 ,58 :-I ,& - for a deflector (taking into account the

seperation of flow on holes on lea ding edge) ;

~M ,
,

__ 1,1;

— for the slots between d€flector and wal l of bla de

(was desig ned by formulas for lamellar—tu bular radiat ors) ;

— 1,14;
0,141 -

~~~ 0,202;
= 0,77.

—j — - -~ V ~~~~~~~~~~~~~~~~~~ - 
V -, 

~~~~~~ -: 
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In this case some geometric data , which are not given in work

(2] ,  are m ir lird approximat ely from the figure of blade.

1 -

H 

_  _ _ _ _ _  _  _ _  _ _
-- •—- - 

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- 

~~~ ~~~~~~~~~~~~~~~~~~ -
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Pig. 3. The dep endence of ~~~~~~~~~~~~~~~~~~~~ ra te on the  ~~~~~~~~~ of

pressure s and tempe rature of the blades : — -  the calcu lation; O

— according to experiments (3].

Page 13.

The preheatin g of air AT* f rom the sections of channe l  was

de termined f rom the  equat ions of heat exc h ange and energy (13).
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The results of the calculation _~~~~t~ ctia~~~ T ~~~~~~~~ = -

~~~~~~~1’IlId~ ~~ MId, ‘ / ~l4’~

a~ d the tempe rature of blade T , wer e given in r ig. 3, where was

visible the satisfactory convergence of calculated and exper imen ta l

da ta (2 ] .
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